Introduction {#sec1}
============

Type 1 diabetes mellitus (T1D) is a form of diabetes that results from autoimmune-mediated loss of insulin-secreting β cells in the pancreas.[@bib1] Due to its constantly increasing incidence, T1D has become one of the most common chronic diseases of childhood.[@bib2] Replacement of β cells (either through whole pancreas, islet cell transplantation, or insulin-producing cell transplantation) would be the ideal solution to control or reverse diabetes.[@bib3] However, the shortage of donors for pancreas transplantation and the risks associated with organ transplantation are significant obstacles for widespread clinical application.[@bib4]^,^[@bib5]

The need for β cell replacement has led to the development of stem cells to generate insulin-producing cells (IPCs) for therapeutic application. Mesenchymal stem cells (MSCs) have the potential to differentiate into a variety of cells in important tissues, including bone, fat, cartilage, myocardium, nerves, and islet cells.[@bib6], [@bib7], [@bib8], [@bib9], [@bib10] Because of their immunomodulatory properties and strong capacity for self-renewal and differentiation, MSCs offer an attractive source of stem cells for cell-based therapeutic applications, including for T1D.[@bib11]^,^[@bib12] Among all MSC types, bone marrow MSCs (BM-MSCs) are easy to acquire, are associated with no ethical issues, and have unique advantages in autotransplantation.[@bib13]^,^[@bib14]

BM-MSCs have great potential to generate IPCs and thus present an attractive source of stem cells for generation of surrogate β cells.[@bib15] Stable expression of key transcription factors, such as Pdx1 and MafA, induces BM-MSCs to differentiate into IPCs.[@bib16]^,^[@bib17] Using a three-stage protocol, researchers have successfully generated IPCs from human BM-MSCs in high yields.[@bib18] Generation of IPCs from BM-MSCs could be used as a cell-based approach for insulin replacement therapy.

MicroRNAs (miRNAs) are a large family of highly conserved small non-coding RNAs that play important regulatory roles by regulating a vast number of protein-coding genes.[@bib19] The first discovered islet-specific miRNA was miR-375, which contributes to the development of β cells.[@bib20] Mice lacking miR-375 exhibit more pancreatic α cells and a reduced β cell mass.[@bib21] Recently, many miRNAs have been found to be relevant to pancreatic β cell functions, including development, differentiation, survival, insulin production, and insulin secretion.[@bib22] miRNAs, such as miR-34c, miR-375, miR-26a, miR-9, and miR-186, regulate the differentiation of stem cells into IPCs and thus could provide a new treatment strategy for T1D.[@bib23], [@bib24], [@bib25], [@bib26]

The MIN6 insulinoma cell line is widely used as a surrogate for mouse pancreatic β cells.[@bib27] In 2013, Baran-Gale et al.[@bib28] performed deep sequencing of miRNAs in MIN6 cells and found that the miRNA expression profile of MIN6 cells is highly correlated with that of primary human β cells. However, the miRNAs expressed in mouse pancreatic β cells under physiologic conditions have not been detected. In this study, we used fluorescence-activated cell sorting to isolate normal pancreatic β cells and pancreatic non-β cells from *Ins*^dsRED2+^/*Ngn3*^eGFP+^ C57BL/6 mice. Using mouse BM-MSCs, adipose-derived stem cells (ADSCs), and non-β cells as the control, we detected the miRNA expression profile of mouse β cells through next-generation sequencing (NGS) and calculated the relative expression levels of miRNAs in mouse β cells. Furthermore, we identified dozens of novel miRNA candidates using miRDeep 2.0[@bib29] and found that Chr13_novelMiR7354-5p (13_7354-5p), a novel miRNA candidate, significantly promotes reprogramming of BM-MSCs into IPCs by targeting Notch1 and Rbpj.

Results {#sec2}
=======

Identification of Cells {#sec2.1}
-----------------------

After being isolated, pancreatic islets of *Ins*^dsRED2+^/*Ngn3*^eGFP+^ C57BL/6 mice were observed under a fluorescence microscope ([Figure 1](#fig1){ref-type="fig"}A). BM-MSCs were characterized as previously described.[@bib17] ADSCs were characterized via flow cytometry analysis, which revealed that the cells expressed Sca-1, CD44, and CD29 and did not express the hematopoietic markers CD117, CD34, and CD45 ([Figure 1](#fig1){ref-type="fig"}B). β Cells and non-β cells were separated via fluorescence-activated cell sorting. The Ins2 mRNA levels in BM-MSCs, ADSCs, non-β cells, and β cells were detected using quantitative real-time RT-PCR ([Figure 1](#fig1){ref-type="fig"}C). The expression of insulin in β cells was significantly higher than the expression levels in other cells.Figure 1Characterization of Cells *In Vitro*(A) Pancreatic islets of *Ins*^dsRED2+^/*Ngn3*^eGFP+^ C57BL/6 mice were observed under a fluorescence microscope. Islets were isolated via collagenase digestion and were handpicked under a stereomicroscope. The transmitted light image, Ins-positive cells, and Ngn3-positive cells are shown. (B) Phenotype of ADSCs assessed via flow cytometry analysis. ADSCs were harvested and labeled with antibodies against CD29, CD44, Sca-1, CD34, CD45, and CD117. (C) The Ins2 mRNA levels in BM-MSCs, ADSCs, non-β cells, and β cells were detected via quantitative real-time RT-PCR. The Ins2 level in β cells was significantly higher than levels in the other cells. The results are presented as the means of the values. Bars indicate SD. \*\*p \< 0.01 for differences between groups.

Construction of cDNA Libraries and NGS {#sec2.2}
--------------------------------------

To investigate differences in miRNA expression between BM-MSCs, ADSCs, non-β cells, and β cells, we prepared cDNA libraries from small RNA extracted from each cell sample and examined the miRNA expression levels using NGS with Solexa technology. Among the 20,000,107 total raw reads that were detected in the four samples, 14,881,708 (74.41%) were high-quality reads (18--30 nt). The number of sequence reads that corresponded to known miRNAs was 11,685,228 (78.52% of the high-quality reads), determined by perfect sequence matching to known precursor miRNAs (pre-miRNAs; miRBase release 21) ([Table S1](#mmc2){ref-type="supplementary-material"}). After removal of the matched known miRNAs and other non-coding RNAs, 1,279,193 genome-aligned reads remained for further analyses.

Identification of Novel miRNA Candidates {#sec2.3}
----------------------------------------

To uncover potentially novel miRNAs, the reads were analyzed using miRDeep 2.0 software.[@bib29] The results revealed the existence of 267 novel miRNA candidates ([Table S2](#mmc3){ref-type="supplementary-material"}). Among the potential novel miRNA candidates, 65 were detected by at least 10 counts, indicating that they have a high probability of being novel mouse miRNAs ([Table S3](#mmc4){ref-type="supplementary-material"}). Some of the novel miRNA candidates shared seed sequences with known miRNAs in mice and other species ([Table S2](#mmc3){ref-type="supplementary-material"}). 12 candidates (13_7508-5p, 18_13304-3p, 13_7354-5p, 2_14978-5p, 9_28633-5p, 1_820-5p, 9_27538-5p, 6_22759-3p, 6_23472-3p, 9_28046-5p, 13_7958-3p, and 15_10126-3p) shared seed sequences with known mouse miRNAs (mmu-miR-143, mmu-miR-466, mmu-miR-874, mmu-miR-143, mmu-miR-675-5p, mmu-miR-876-5p, mmu-miR-34, mmu-miR-871-3p, mmu-miR-871-3p, mmu-miR-1839-5p, mmu-miR-1839-5p, and mmu-miR-669h-5p), respectively. 6 candidates (15_10126-3p, 9_28633-5p, 1_820-5p, 9_28046-5p, 13_7508-5p, and 9_27538-5p) might be family members of the corresponding known mouse miRNAs because they are conserved miRNAs ([Figure 2](#fig2){ref-type="fig"}A). The secondary hairpin structures and minimum free energies of the potential precursors were assessed using RNAfold, and the structures of the selected candidate novel miRNA precursors are shown in [Figure 2](#fig2){ref-type="fig"}B.Figure 2Novel miRNA Candidates(A) Sequence alignment of novel miRNA candidates with known miRNAs. \*, conserved nucleotide; bta, *Bos taurus*; cfa, *Canis familiaris*; eca, *Equus caballus*; gga, *Gallus gallus*; hsa, *Homo sapiens*; mdo, *Monodelphis domestica*; mml, *Macaca mulatta*; mmu, *Mus musculus*; oan, *Ornithorhynchus anatinus*; ptr, *Pan troglodytes*; rno, *Rattus norvegicus*; xtr, Xenopus tropicalis. B, D, E, F, H, I, and J represent the species in which the same miRNAs have the same mature sequence. B represents bta, cfa, eca, hsa, mml, mmu, and rno. D represents cfa, eca, hsa, mml, mmu, and oan. E represents ptr and rno. F represents bta, mdo, and xtr. I represents hsa, mmu, and rno. J represents mmu and rno. H represents cfa, eca, and mmu. (B) Secondary structures of putative precursor hairpins corresponding to four novel miRNA candidates identified in this study. All of these novel miRNAs were expressed at high levels in β cells (see also [Table S3](#mmc4){ref-type="supplementary-material"}). (C) Comparison of qRT-PCR data with NGS data of β cells versus BM-MSCs for 10 miRNAs. The data were transformed into log~2~ values of relative expression levels in β cells normalized to U6 snRNA expression levels. (D) Comparison of qRT-PCR data with NGS data of β cells versus ADSCs for 10 miRNAs. The data were transformed into log~2~ values of relative expression levels in β cells normalized to U6 snRNA expression levels. (E) Comparison of qRT-PCR data with NGS data of β cells versus non-β cells for 10 miRNAs. The data were transformed into log~2~ values of relative expression levels in β cells normalized to U6 snRNA expression levels. The results are presented as the means of the values. Bars indicate SD.

Differential Expression of miRNAs in β Cells {#sec2.4}
--------------------------------------------

To validate the expression of miRNAs detected by NGS, we detected the expression of two novel miRNA candidates and eight known miRNAs via qRT-PCR and confirmed the expression ([Figures 2](#fig2){ref-type="fig"}C--2E). Correlation analyses showed that the miRNA expression levels detected via NGS had significantly positive correlation with those detected by qRT-PCR ([Figure S1](#mmc1){ref-type="supplementary-material"}). Among all of the known mouse miRNAs and novel miRNA candidates, 61 known miRNAs and 16 novel miRNA candidates were highly expressed in β cells compared with other cells, and 112 known miRNAs and 2 novel miRNA candidates showed low expression levels ([Tables S4](#mmc5){ref-type="supplementary-material"} and [S5](#mmc6){ref-type="supplementary-material"}).

13_7354-5p Induced BM-MSC Differentiation into IPCs {#sec2.5}
---------------------------------------------------

To further understand the functions of the differentially expressed miRNAs, we predicted target genes of the miRNAs. Four novel miRNA candidates (13_7354-5p, 3_17977-5p, 7_25147-5p, and 7_25719-5p) that were highly expressed in β cells were shown to target genes that inhibit differentiation of MSCs into IPCs. Using Lipofectamine 2000, we transfected BM-MSCs isolated from *Ins*^dsRED2+^/*Ngn3*^eGFP+^ C57BL/6 mice with 13_7354-5p, 3_17977-5p, 7_25147-5p, and 7_25719-5p mimics. The culture medium was exchanged every 72 h. After 8 weeks, the cells were harvested for further experiments. The expression of several genes specific to islet endocrine cells was further detected via qRT-PCR. The mRNA levels of Ins2, Glut2, Ngn3, MafA, NeuroD1, Nkx2.2, and Pdx1 were significantly higher in 13_7354-5p-transfected BM-MSCs than in the negative control (NC) group cells ([Figure 3](#fig3){ref-type="fig"}A). As shown in [Figure 3](#fig3){ref-type="fig"}B, on day 56 of differentiation, the morphology of the 13_7354-5p-transfected BM-MSCs was islet-like in structure. In addition, the 13_7354-5p-transfected BM-MSCs expressing Ins2 and Ngn3 were observed using fluorescence microscopy. On days 14 and 28 after transfection with 13_7354-5p mimics, the morphology of the 13_7354-5p-transfected BM-MSCs was a β cell-like phenotype, along with less Ins2, which was observed by fluorescence microscopy. However, the formation of cell clusters was not observed ([Figure S2](#mmc1){ref-type="supplementary-material"}).Figure 3Differentiation of BM-MSCs into IPCs(A) qRT-PCR was used to detect the mRNA expression levels of Ins2, Glut2, Ngn3, MafA, NeuroD1, Nkx2.2, and Pdx1 from BM-MSCs, which were transfected with 13_7354-5p, 3_17977-5p, 7_25147-5p, and 7_25719-5p mimics and NC. The mRNA levels in cells transfected with NC were defined as 1. The data are presented as the means ± SD of three independent experiments. \*p \< 0.05, \*\*p \< 0.01 for differences between groups. (B) BM-MSCs isolated from *Ins*^dsRED2+^/*Ngn3*^eGFP+^ C57BL/6 mice were used for differentiation into IPCs. Cells were transfected with 13_7354-5p, 3_17977-5p, 7_25147-5p, and 7_25719-5p mimics and NC. On day 56 of differentiation, cells were observed under a fluorescence microscope. The transmitted light image, Ins-positive cells (red), and Ngn3-positive cells (green) are shown.

We further transfected BM-MSCs isolated from wild-type (WT) C57BL/6 mice with 13_7354-5p mimics. The differentiation was performed as described above. Using immunofluorescence staining, we demonstrated that IPCs in the 13_7354-5p group expressed Pdx1, NeuroD1, somatostatin, IAPP, and glucagon on day 56 of differentiation ([Figure 4](#fig4){ref-type="fig"}A). In addition, it was detected by western blotting that the endogenous MafA and Nkx2.2 levels showed a clear increment in 13_7354-5p-transfected BM-MSCs on day 56 of differentiation ([Figure 4](#fig4){ref-type="fig"}B).Figure 4Differentiation of 13_7354-5p-Transfected BM-MSCs into IPCs(A) BM-MSCs isolated from WT C57BL/6 mice were transfected with 13_7354-5p. Immunofluorescence analysis was used to detect the expression of Ins2, Pdx1, NeuroD1, IAPP, somatostatin, and glucagon in differentiated 13_7354-5p-transfected BM-MSCs on day 56 of differentiation. DAPI was used for nuclear staining. (B) The protein expression levels of MafA and Nkx2.2 in 13_7354-5p-transfected BM-MSCs relative to NC-transfected BM-MSCs were detected on day 56 of differentiation via western blotting. After normalization to the endogenous reference Gapdh, the endogenous MafA and Nkx2.2 levels showed a clear increment in 13_7354-5p-transfected BM-MSCs. The results are presented as the means of the values. Bars indicate SD. \*p \< 0.05 for differences between groups.

Moreover, ADSCs isolated from *Ins*^dsRED2+^/*Ngn3*^eGFP+^ C57BL/6 mice were transfected with 13_7354-5p mimics. Until day 56 after transfection, the morphology of the 13_7354-5p-transfected ADSCs was not islet-like in structure. [Figure S3](#mmc1){ref-type="supplementary-material"}. In addition, observed by fluorescence microscopy, the 13_7354-5p-transfected ADSCs didn\'t express Ins2 ([Figure S3](#mmc1){ref-type="supplementary-material"}).

Functional Analysis of Differentiated BM-MSCs *In Vitro* {#sec2.6}
--------------------------------------------------------

To investigate whether 13_7354-5p improves insulin secretion by IPCs, an ELISA was used to detect insulin and C-peptide secretion from IPCs in response to stimulation with glucose at different concentrations. The results showed that after treatment with 16 and 22 mmol/L glucose, 13_7354-5p-transfected BM-MSCs secreted more insulin and C-peptide than did BM-MSCs in the NC group ([Figures 5](#fig5){ref-type="fig"}A and 5B).Figure 5Functional Analysis of Differentiated BM-MSCs *In Vitro*(A) Insulin levels in response to 2.2, 16, and 22 mmol/L glucose were determined in differentiated 13_7354-5p-transfected BM-MSCs on day 56 via ELISA. BM-MSCs transfected with NC were used as a negative control. (B) C-peptide levels in response to 2.2, 16, and 22 mmol/L glucose were determined in differentiated 13_7354-5p-transfected BM-MSCs on day 56 via ELISA. BM-MSCs transfected with NC were used as a negative control. (C) Insulin secretion of differentiated 13_7354-5p-transfected BM-MSCs on day 56 was detected under the condition of sequential 2.2 mmol/L glucose, 22 mmol/L glucose, and 30 mmol/L KCl stimulation for 1 h at 37°C via ELISA. BM-MSCs transfected with NC were used as a negative control. (D) C-peptide secretion of differentiated 13_7354-5p-transfected BM-MSCs on day 56 was detected under the condition of sequential 2.2 mmol/L glucose, 22 mmol/L glucose, and 30 mmol/L KCl stimulation for 1 h at 37°C via ELISA. BM-MSCs transfected with NC were used as a negative control. (E) Zinc staining in differentiated 13_7354-5p-transfected BM-MSCs on day 56. Cell clusters stained positively for zinc are shown by distinct red staining. The results are presented as the means of the values. Bars indicate SD. \*p \< 0.05 for differences between groups.

After that, we evaluated the insulin and C-peptide secretion under the condition of sequential 2.2 mmol/L glucose, 22 mmol/L glucose, and 30 mmol/L KCl stimulation for 1 h at 37°C. The results showed that after treating with 22 mmol/L glucose and 30 mmol/L KCl, 13_7354-5p-transfected BM-MSCs secreted more insulin and C-peptide than did BM-MSCs of the NC group. In addition, KCl stimulation led to a C‐peptide secretion response that was 3-fold greater than glucose stimulation ([Figures 5](#fig5){ref-type="fig"}C and 5D).

We further used dithizone (DTZ) staining to evaluate insulin production in IPCs. On day 56 of differentiation, IPCs in the 13_7354-5p group turned red as a result of staining ([Figure 5](#fig5){ref-type="fig"}E).

Functional Analysis of Differentiated IPCs *In Vivo* {#sec2.7}
----------------------------------------------------

After transfection with 13_7354-5p mimics or NC, BM-MSCs were transplanted under the left renal capsule of streptozotocin (STZ)-treated diabetic C57BL/6 mice. A clear reduction in blood glucose levels (from greater than 450 mg/dL to approximately 240 mg/dL at 48 days post-transplantation) was found in mice transplanted with 13_7354-5p-transfected BM-MSCs. The blood glucose levels in mice transplanted with NC-transfected BM-MSCs were significantly higher than those in the 13_7354-5p group mice after 24 days post-transplantation. In addition, after removal of the left kidney transplanted with 13_7354-5p-transfected BM-MSCs on day 56, the blood glucose levels rapidly rose to greater than 330 mg/dL, which was significantly higher than the blood glucose levels in mice without removal of the left kidney ([Figure 6](#fig6){ref-type="fig"}A). Glucose tolerance tests performed 48 days post-transplantation revealed that differentiated cells were able to respond to the glucose challenge. In mice transplanted with 13_7354-5p-transfected BM-MSCs, the blood glucose levels were significantly lower than those in NC group mice during the course of 2 h after glucose challenge ([Figure 6](#fig6){ref-type="fig"}B). These results demonstrate that 13_7354-5p-transfected BM-MSCs reversed hyperglycemia in STZ-treated diabetic mice.Figure 6Functional Analysis of Differentiated BM-MSCs *In Vivo*(A) BM-MSCs transfected with 13_7354-5p mimics or NC were transplanted into STZ-treated diabetic mice whose glucose levels had reached 350 mg/dL. The arrow shows the day of implantation (day 0). Glucose levels were monitored every 4 days. On day 52, the left kidney implanted with differentiated BM-MSCs was removed (n = 3). (B) Glucose tolerance was tested in mice 48 days after transplantation. The blood glucose levels peaked in 0.5 h after taking glucose and returned to normal in 2 h. The results are presented as the means of the values. Bars indicate SD.

13_7354-5p Targets Notch1 and Rbpj {#sec2.8}
----------------------------------

Using bioinformatics analyses, we found that Notch1 and Rbpj may be potential targets of 13_7354-5p ([Figure 7](#fig7){ref-type="fig"}A). To confirm whether these genes are direct targets of 13_7354-5p, we performed a luciferase reporter assay. The results showed that the luciferase activity of pGL3-Notch1-3′ UTR and pGL3-Rbpj-3′ UTR reporters was significantly suppressed in 13_7354-5p-transfected BM-MSCs compared with the activity in NC-transfected BM-MSCs. In contrast, there were no significant differences in the relative luciferase activity of pGL3-Notch1-mutant (MUT) or pGL3-Rbpj-MUT reporters in 13_7354-5p-transfected BM-MSCs compared with the activity in NC-transfected BM-MSCs ([Figure 7](#fig7){ref-type="fig"}B).Figure 7Notch1 and Rbpj Are Directed Targets of 13_7354-5p(A) Prediction of potential target genes of 13_7354-5p via bioinformatics analyses. The 3′ UTRs of the genes were obtained from both the Ensembl and miRanda databases. (B) Analysis of luciferase activities of Notch1, Rbpj, Notch1-MUT, and Rbpj-MUT with 13_7354-5p mimics or NCs in BM-MSCs. (C) Protein expression analysis of Notch1 and Rbpj in transfected and parental BM-MSCs on day 7 after transfection was detected by western blotting. After normalization to the endogenous reference Gapdh, the endogenous Notch1 and Rbpj levels were clearly reduced in 13_7354-5p-transfected BM-MSCs. The results are presented as the means of the values. Bars indicate SD. \*p \< 0.05 for differences between groups.

To further verify these results, we examined the Notch1 and Rbpj protein levels in 13_7354-5p-transfected, NC-transfected, and parental BM-MSCs via western blotting. After normalization to the endogenous reference Gapdh, the endogenous Notch1 and Rbpj levels showed a clear reduction in 13_7354-5p-transfected BM-MSCs ([Figure 7](#fig7){ref-type="fig"}C). These results demonstrate that 13_7354-5p may target Notch1 and Rbpj during differentiation of BM-MSCs into IPCs.

Discussion {#sec3}
==========

In pancreatic β cells, many miRNAs, such as miR-7, miR-9, and miR-15, have been shown to be related to insulin synthesis and secretion[@bib22] and found to be differentially expressed in β cells compared with other cells, such as stem cells and pancreatic α cells. However, the miRNAs expressed in mouse pancreatic β cells under physiologic conditions have still not been detected. In this study, we used fluorescence-activated cell sorting to isolate normal pancreatic β cells and pancreatic non-β cells from *Ins*^dsRED2+^/*Ngn3*^eGFP+^ C57BL/6 mice. Furthermore, the miRNA expression profile of mouse β cells was detected via NGS and compared with that of mouse BM-MSCs, ADSCs, and pancreatic non-β cells. Among all of the known mouse miRNAs, 173 known miRNAs were differentially expressed in β cells compared with other cells, including islet-specific miRNA (miR-375).[@bib20] The islet-specific miRNAs miR-7, miR-375, and miR-148a play key roles in pancreatic β cell development and function.[@bib30] Using NGS, we found that mmu-miR-375 and mmu-miR-148a levels in mouse pancreatic β cells were significantly higher than in other cells. In addition, the expression level of mmu-miR-7 in mouse pancreatic β cells and non-β cells was significantly higher than that in MSCs. However, there was no significant difference in mmu-miR-7 expression between β cells and non-β cells. These findings further demonstrate that mmu-miR-375 and mmu-miR-148a are mouse pancreatic β cell-specific miRNAs.

For mammalian miRNA identification, miRDeep 2.0 is commonly used to discover novel miRNAs based on NGS data.[@bib29]^,^[@bib31] Using the miRDeep 2.0 program, we identified 65 novel miRNA candidates that have a high probability of being novel mouse miRNAs. Among these miRNAs, 16 novel miRNA candidates were highly expressed in β cells compared with other cells. To uncover miRNAs that promote reprogramming of BM-MSCs into IPCs, we predicted target genes of these miRNAs using bioinformatics analyses and found four novel miRNA candidates (13_7354-5p, 3_17977-5p, 7_25147-5p, and 7_25719-5p) that may target genes that inhibit differentiation of MSCs into IPCs.

To further understand the functions of these miRNAs, we transfected BM-MSCs with 13_7354-5p, 3_17977-5p, 7_25147-5p, and 7_25719-5p mimics. On day 56 of differentiation, using qRT-PCR, we demonstrated that the mRNA levels of Ngn3, endocrine islet markers (including NeuroD1 and Nkx2.2),[@bib32] and β cell markers (including Ins2, Glut2, MafA, and Pdx1) were significantly higher in 13_7354-5p-transfected BM-MSCs than in NC group cells.[@bib33] In addition, the 13_7354-5p-transfected BM-MSCs could be induced to differentiate into islet-like cells *in vitro* and express Ins2 and Ngn3. As a transcription factor, Ngn3 is critical for endocrine lineage specification and differentiation[@bib34] and is expressed in endocrine progenitor cells. During the pancreas development process, Ngn3 acts as a switch. Researchers have found that Ngn3-positive cells give rise to all islet lineage cells.[@bib35] Overall, these findings demonstrate that 13_7354-5p increases the expression of Ngn3 and promotes the differentiation of BM-MSCs.

Pdx1 and NeuroD1 are key transcription factors in pancreatic cell differentiation.[@bib36] Pdx1 is observed in a single dorsal pancreatic bud around gestational week 4 in humans[@bib37] and is required for early embryonic development of the pancreas and subsequent differentiation of pancreatic lineages.[@bib34] Pdx1 deficiency blocks further pancreatic development and leads to a severe diabetic phenotype in mice.[@bib38] NeuroD1 has also been found to bind to the insulin promoter to induce insulin production[@bib39] and to directly interact with Pdx1 and forms a transcriptional activation complex on the insulin promoter.[@bib34] Using immunofluorescence staining, we demonstrated that IPCs in the 13_7354-5p group expressed Pdx1 and NeuroD1. We think that 13_7354-5p improves insulin expression in IPCs by upregulating the transcription factors Pdx1 and NeuroD1.

We further examined whether 13_7354-5p improves insulin release in response to glucose stimulation. As confirmed by ELISA, insulin secretion by 13_7354-5p group IPCs was significantly higher than that by NC group cells. In addition, we demonstrated that 13_7354-5p-transfected BM-MSCs reversed hyperglycemia in STZ-treated diabetic mice *in vivo*.

During embryonic development, one of the major regulatory networks in control of pancreatic endocrine lineage development is the Notch signaling pathway.[@bib40] The Notch pathway includes a family of conserved transmembrane receptors (Notch 1, 2, 3, and 4) that interact with specific ligands (Delta-like 1, 2, and 3 and Serrate 1 and 2) to regulate cell fate decisions, including proliferation, differentiation, and cell survival.[@bib41]^,^[@bib42] Notch signaling acts as an inhibitor of induced β cell differentiation.[@bib36]^,^[@bib43]^,^[@bib44] It has been found that Notch1 inhibits differentiation of enteroendocrine precursor cells into islet β cells via Rbpj and Hes-1, which leads to downregulation of Ngn3 and NeuroD1.[@bib45] Inhibition of the Notch pathway results in differentiation of insulin-positive progenitors into islets and β cell neogenesis from acinar cells.[@bib36]^,^[@bib44] In this study, we demonstrated that Notch1 and Rbpj are direct targets of 13_7354-5p. Moreover, 13_7354-5p promotes the β cell differentiation program through modulation of Notch1 and Rbpj, which in turn inhibits differentiation into β cells via the Notch pathway.

In conclusion, we used NGS to detect miRNA expression in normal pancreatic β cells compared with mouse BM-MSCs, ADSCs, and non-β cells and found that the potentially novel mouse miRNA 13_7354-5p is a mouse pancreatic β cell-specific miRNA. Moreover, 13_7354-5p was found to improve BM-MSC differentiation into IPCs by targeting the Notch1*-* and Rbpj-induced Notch pathway.

Materials and Methods {#sec4}
=====================

Experimental Animals {#sec4.1}
--------------------

WT C57BL/6 mice (7--10 weeks old) were obtained from Vital River Laboratory Animal Technology (Beijing, China). *Ins*^dsRED2+^/*Ngn3*^eGFP+^ C57BL/6 mice were a kind gift from the Centre for Medical Research, University of Western Australia. All animals were housed in the animal care facilities of China Medical University under specific pathogen-free (SPF) conditions.

Mouse Islet Isolation and Cell Collection {#sec4.2}
-----------------------------------------

*Ins*^dsRED2+^/*Ngn3*^eGFP+^ C57BL/6 mice (10--12 weeks old) were used for mouse pancreatic islet isolation. Islets were isolated via collagenase digestion, handpicked under a stereomicroscope, and maintained in 11.1 mmol/L glucose/RPMI 1640 (Thermo Fisher Scientific, Madrid, Spain) supplemented with 10% fetal bovine serum (FBS; HyClone, Logan, UT, USA).[@bib46] Isolated islets were gently dissociated with trypsin (Gibco), resuspended in PBS supplemented with 25 mmol/L HEPES (*N*-2-hydroxyethylpiperazine-*N*′-2-ethanesulfonic acid) and 2.5 mmol/L EDTA, and filtered through a 70-μm cell strainer (Falcon). β Cells (dsRED2^+^) and non-β cells (dsRED2^−^) were separated via fluorescence-activated cell sorting (FACS; Astrios Sorter \[Beckman Coulter\]) based on the fluorescence intensity and wavelength and the size of individual cells.

Cells and Cell Culture {#sec4.3}
----------------------

Subcutaneous adipose tissue was obtained from mice (6--8 weeks old) for primary mouse ADSC cultures. The adipose tissue was resected, washed with PBS, and then minced into small pieces. The adipose tissue pieces were digested in DMEM/F-12 medium containing 1 mg/mL collagenase type I (Sigma-Aldrich, St. Louis, MO, USA) for 30 min at 37°C. The cell suspension was filtered through a 70-μm nylon cell strainer, followed by centrifugation in DMEM/F-12 supplemented with 10% FBS. The pellet was resuspended in DMEM/F-12 medium supplemented with 10% FBS, 10 ng/mL murine fibroblast growth factor-basic (M-FGF-b), 100 U/mL penicillin, and 100 μg/mL streptomycin and incubated at 37°C in a humidified incubator with 5% CO~2~. When the cells reached 80%--90% confluence, they were passaged for expansion. For the experiments, mouse ADSCs were used at passages 3--6.

To confirm mesenchymal stem cell characteristics, ADSCs at passage 3 were released via trypsinization. After trypsin neutralization with serum-containing medium, the cells were incubated with monoclonal phycoerythrin (PE)-conjugated antibodies against Sca-1, CD29, CD44, and CD73 (BioLegend). Flow cytometry analysis was performed as previously described.[@bib47] Rat immunoglobulin (Ig)G2a or IgG2b conjugated to PE was used as a negative control.

The isolation, culture, and identification of mouse BM-MSCs were performed as previously described.[@bib17]

Construction of cDNA Libraries from Small RNA and NGS {#sec4.4}
-----------------------------------------------------

Total RNA from cells was extracted as described previously.[@bib48] For cDNA library construction, total RNA from each sample was sequentially ligated to 3′ and 5′ small RNA adapters. cDNA was synthesized and amplified using Illumina's proprietary RT primers and amplification primers. The amplified samples were purified and size-selected from the PAGE gel. The libraries were quantified with an Agilent 2100 Bioanalyzer. Cluster generation was performed on an Illumina cBot using a TruSeq Rapid SR cluster kit (Illumina). Sequencing was performed on an Illumina HiSeq 2000 system using TruSeq Rapid SBS kits (Illumina). For multiplex sequencing, 36 cycles of a single read were used to sequence the small RNAs. Image analysis and base calling were performed using the Illumina instrument software.

Analysis of Sequence Data {#sec4.5}
-------------------------

After adaptor sequences and low-quality reads were removed, the high-confidence trimmed reads were aligned to known pre-miRNAs available in miRBase (release 21) to obtain sequences that either matched or did not match known miRNAs.[@bib49] We screened the unmatched reads against Rfam (release 11.0),[@bib50] SILVA 115,[@bib51] and Repbase (version 20.04)[@bib52] to remove contamination from mouse non-coding RNAs, such as small nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs), rRNAs, repeat-associated small interfering RNAs (rasiRNAs), and tRNAs. The unmatched reads were then aligned to the mouse GRCm38 genome in Ensembl to filter out the reads in which the linker sequences were either mutated or absent. For mouse miRNA prediction, we used miRDeep 2.0 software to identify novel miRNA candidates and then filter out the sequence reads with a frequency of fewer than 10 counts. The pre-miRNA sequences were mapped to the mouse genome (mouse genome GRCm38/mm10, UCSC Genome Browser) to identify reads with perfect matches. The minimum free energies and the secondary structures of the potential precursors were assessed using the Vienna RNAfold web server (<http://rna.tbi.univie.ac.at/>). The conservation and potential target genes of miRNAs were predicted as described previously.[@bib48] The Notch signaling pathway was obtained from KEGG (<http://www.genome.jp/kegg/>). To compare the expression levels of miRNAs between BM-MSCs, ADSCs, non-β cells, and β cells, digital expression profiling based on TPM (transcript reads per million mapped reads) was implemented in the R package edgeR.[@bib53] In this study, we selected differentially expressed miRNAs based on fold change \>2 and TPM \>10.

Small RNA Preparation and Quantitative Real-Time RT-PCR {#sec4.6}
-------------------------------------------------------

Quantitative real-time RT-PCR was used to confirm the expression levels of miRNAs and mRNAs. Total RNA, including small RNA, was extracted using a miRNeasy mini kit (QIAGEN) according to the manufacturer's instructions. The concentration and purity of RNA were assessed via ultraviolet spectrophotometry (ratio of absorbance at 260 and 280 nm \[A260/A280\] \>1.9) using a Thermo Scientific NanoDrop 2000c spectrophotometer. Reverse transcription was performed using a miScript II RT kit (QIAGEN) according to the manufacturer's instructions. Using a miScript SYBR Green PCR kit (QIAGEN), quantitative real-time RT-PCR was performed on an ABI 7500 real-time PCR system (Applied Biosystems) supplied with analytical software. Known miRNAs were detected using miR-30a-5p, miR-30b-5p, miR-30c-5p, miR-221-3p, miR-214-3p, miR-203-3p, miR-216b-5p, and miR-141-3p miScript primer assays (QIAGEN). U6 and Gapdh RNA levels, endogenous references for miRNAs and mRNAs, respectively, were used for normalization. After the final cycle, a melting curve analysis was conducted within a range of 55°C--95°C. The relative expression miRNA and mRNA levels were calculated as described previously.[@bib48] Primers for RT-PCR are given in [Table S6](#mmc1){ref-type="supplementary-material"}.

Transfection {#sec4.7}
------------

BM-MSCs were plated 1 day before transfection and transfected with 2′-*O*-methyl oligonucleotides, including 13_7354-5p, 3_17977-5p, 7_25147-5p, and 7_25719-5p mimics and a stable NC ([Table S7](#mmc1){ref-type="supplementary-material"}; GenePharma, China), using Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer's instructions. After 48 h, the cells were harvested for further experiments.

Immunofluorescence Staining {#sec4.8}
---------------------------

Immunofluorescence staining was performed as previously described.[@bib17] Briefly, at room temperature, cells were fixed with 4% formaldehyde for 30 min and then treated with 0.25% Triton X-100 in PBS for 10 min. After being blocked with 10% normal donkey serum containing 1% BSA in PBS, cells were incubated with primary antibodies against Ins2 (1:200; Cell Signaling Technology), NeuroD1 (1:200; Santa Cruz), or Pdx1 (1:1,000; Abcam) at 4°C overnight. Fluorescence-labeled secondary antibodies were used for detection (Thermo Scientific). Nuclei were stained with DAPI (1 mg/mL; Roche). Images were acquired via fluorescence microscopy.

Measurement of Insulin and C-Peptide Secretion via ELISA {#sec4.9}
--------------------------------------------------------

Cells were cultured in serum-free medium containing 0.5% BSA for 12 h. After being washed with PBS, cells were preincubated with Krebs-Ringer bicarbonate (KRB) buffer for 1 h, followed by incubation with KRB buffer containing 2.2, 16, or 22 mmol/L glucose for 1 h at 37°C. For KCl stimulation, the cells were subsequently incubated with 2.2 mmol/L glucose, 22 mmol/L glucose, and 30 mmol/L KCl stimulation for 1 h at 37°C. The supernatant was collected for ELISA (R&D Systems) according to the manufacturer's instructions. Total protein concentration was determined with a BCA protein assay kit.

Dithizone Staining {#sec4.10}
------------------

Staining culture medium containing dithizone (100 μg/mL, Sigma-Aldrich) was used for dithizone staining. Following the addition of dithizone, the dishes were incubated at 37°C for 30 min and then washed three times with PBS. The stained cells were examined microscopically.

Cell Transplantation {#sec4.11}
--------------------

All experimental procedures involving animals were in accordance with the *Guide for the Care and Use of Laboratory Animals* and were performed according to the institutional ethical guidelines for animal experiments (as shown in the [Supplemental Information](#mmc1){ref-type="supplementary-material"}). The diabetic mouse model was constructed as previously described.[@bib17] Then, 5 × 10^6^ cells were transplanted under the left renal capsule of diabetic mice. Fasting blood glucose levels were measured every 4 days after transplantation. Glucose tolerance tests were performed as previously described.[@bib17]

Luciferase Reporter Assay {#sec4.12}
-------------------------

For luciferase reporter experiments, the WT 3′ UTR segments of Notch1 and Rbpj containing the 13_7354-5p binding sites were amplified via PCR and inserted into a pGL3-control vector (Promega, Madison, WI, USA) using the XbaI site, which was immediately downstream of the luciferase stop codon. DNA segments with scrambled target sites (Notch1-MUT and Rbpj-MUT) designed to interfere with seed sequence recognition were also cloned to serve as controls. BM-MSCs were plated in 24-well plates. The cells in each well were transfected with 20 pmol/L 13_7354-5p mimics or NC, 0.8 μg of the firefly luciferase reporter vector, and 0.08 μg of the control vector pRL-TK (Promega) containing Renilla luciferase using Lipofectamine 2000. After 24 h of transfection, firefly and Renilla luciferase activities were measured consecutively using a dual-luciferase reporter assay (Promega) on a Centro LB 960 microplate luminometer (Berthold, Bad Wildbad, Germany). Primers and DNA segments are given in [Table S8](#mmc1){ref-type="supplementary-material"}.

Western Blotting Analysis {#sec4.13}
-------------------------

Western blotting was performed as previously described.[@bib54] Briefly, total protein was extracted and quantified using a total protein extraction kit (KeyGen, Nanjing, China) and a bicinchoninic acid (BCA) protein assay kit (KeyGen). Next, 30 μg of each sample was separated in 12% SDS polyacrylamide gels and electrophoretically transferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA). After being incubated with 5% BSA in Tris-buffered saline with 0.5% Tween 20, the membranes were incubated at 4°C overnight with primary antibodies against Notch1 (ImmunoWay, USA), Rbpj (Abcam, Cambridge, MA, USA), or Gapdh (Santa Cruz). After the membranes were incubated with horseradish peroxidase-conjugated secondary antibody, the antigen-antibody complexes were visualized using an enhanced chemiluminescence (ECL) kit (Pierce, Rockford, IL, USA). Protein quantification was carried out using FluorChem 2.01 (Alpha Innotech, San Leandro, CA, USA). Protein levels in 13_7354-5p-transfected cells are presented as the fold change normalized to an endogenous reference (Gapdh protein) and relative to NC-transfected cells.

Statistical Analysis {#sec4.14}
--------------------

The results are presented as the mean ± SD of at least three separate experiments. Statistical differences between groups were analyzed using one-way ANOVA or a Student's t test. Pearson correlation analysis was used to analyze the correlation between the miRNA expression levels detected by NGS and those detected by qRT-PCR. Statistical analyses were performed using SPSS 16.0 software (SPSS, Chicago, IL, USA). Values of p less than 0.05 were considered statistically significant.
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